per mole of fuel. Hence, the more energy a process requires, generally speaking, the greater the environmental impact will be also in terms of greenhouse gases released.
The myth: Recycling plastic bottles does more harm than good
The benefits of a recycling program depend upon factors such as the efficiency of the recycling plant and what would happen to the waste if it were not recycled. The cost-benefit analysis of recycling will therefore also depend upon the material being recycled, be it plastic, paper, glass, or some other material. Such considerations are made in a "life cycle analysis" (LCA), which accounts for all inputs of energy and resources and all outputs in terms of use and final disposal (e.g., Ref. 4) . Thanks to LCAs like that of Morris, 5 it has become clear in the last decade that recycling is, indeed, generally better for the environment in terms of energy use, carbon dioxide emissions, pollution, etc. Here, we will present an example comparison using our own city, Vienna, Austria, looking specifically at PET (polyethylene terephthalate) bottles. We encourage physical science teachers to modify these calculations as appropriate for their own city.
Our model for the calculations in what follows is based on information specific to the city of Vienna. In Vienna, waste is collected, sorted, and parts of it recycled. Virtually all waste that is not recycled is incinerated, releasing gases only after an extensive purification process, using the combustion energy primarily to heat homes, but also for electricity. According to the website of the Altstoff Recycling Company, 6 90% of the items placed into recycling bins in Vienna is recycled and processed into new products. The remainder is sent to be burned, the same as though it were placed into the trash. 7 We will estimate energy and greenhouse gas emissions from the transport of recyclables, with a conservative (in the sense of giving benefit of the doubt to recycling skeptics) approximation of the distance to be 600 km (the width of Austria). At least in the United States, tractor-trailers are capable of carrying beyond the limit imposed by bridges of 80,000 pounds, or about 36 tonnes. 8 These tractor-trailers average 2.55 km per liter of fuel. 9 We will estimate similar restrictions in Austria, and we will consider the tractor-trailer to run on diesel fuel, which has a density of 0.832 kg/L and an energy content of 45 MJ/kg. To travel 600 km then requires 235 L of fuel (600/2.55), with a total energy content of 8809 MJ (235 * 0.832 * 45). We suppose this truck to be carrying the bridge limit of 36 tonnes of empty PET bottles. As each bottle has a mass of roughly 40 g, this is a total of 9310 5 bottles (36 310 6 / 40), each requiring 9788 J (8809310 6 /9 310 5 ), or 9.8 kJ for the trip.
The plastic bottles are sorted and baled at an energy expenditure of 50 and 5 kWh/tonne, respectively, 10 totaling 198 MJ/tonne or about 8 kJ/bottle (198 310 6 * 40*1000). Shredding the bottles into pellets is a similarly energy-cheap R ecently, Greta Thunberg has strongly increased environmental awareness with the climate strikes and the resulting Fridays for Future movement. But what does environmentally friendly behavior look like? In today's society, it is a sort of common sense that one should recycle. From an early age, we are taught in school that recycling conserves resources and energy. However, there are also skeptics of this "common sense. " In 2004, for example, Penn and Teller dedicated an episode of their TV show to recycling. According to them, " [Recycling] increases energy use in transport, sorting, storing, and cleaning …. it takes more energy to recycle a plastic bottle than to make a new one, and that's not so good …. we're feeling good for no reason. " 1 We hope that when people start to question the validity of recycling that they will turn to their physical science teachers for help, and we hope that these teachers will be able to give an informed and educated answer. In this article, our goal is to provide physical science teachers with the information they need to defend the position that recycling plastic bottles is worthwhile, and to expose the myth that recycling plastic bottles is just "feeling good for no reason. " Although the primary intention of this paper is to supplement content knowledge of physical science teachers regarding sustainability, it will conclude with some instructional suggestions of how students can be guided through debunking on their own the myth that recycling plastic bottles causes more harm than good.
Overview
In this article, our primary measure of "good for the environment" will be the energy involved in the relevant processes. We make this decision for two reasons. First, energy is a topic discussed in virtually every physics class at any grade level, whereas other issues related to sustainability such as water consumption, greenhouse gas emissions, and pollution are rarely discussed. We think it would be ideal if physics instructors could connect what is learned in class (for example, about energy) to student interests about sustainability, and so energy is the natural lens with which to focus on the issue.
Our second reason for choosing energy as our primary tool of comparison is that energy expenditure generally goes hand in hand with other environment-related concerns, particularly greenhouse gases. Although energy sources vary in greenhouse gas emissions (nuclear, hydro, and solar have virtually no greenhouse gas emissions, for example), the bulk of the world's energy today is supplied by fossil fuels. Fossil fuels are hydrocarbons and, as such, release carbon dioxide (a greenhouse gas) when they combust to release thermal energy. Out of all fossil fuels, methane has the greatest amount of energy released per mole of carbon dioxide produced on combustion -about 891 kJ per mole. 3 The chemical formula for methane is CH 4 and the burning of one mole of methane releases one mole of CO 2 into the atmosphere. Other fossil fuels release more moles of CO 2 As this equation shows, for every mole of PET monomer burned, 10 moles of CO 2 are emitted. The molar mass of the PET monomer is 192 g (12*10+8+16*4), and so one bottle is 0.2 moles (40 / 192) of PET, and hence two moles of CO 2 are emitted when the bottle is burned. In comparison, the 2.4 to 3.3 MJ of energy necessary for the EFW scenario would result in 2.7 to 3.7 (e.g., 2.4 /0.891) moles of CO 2 being emitted.
Suggestions for instruction
The main goal of this article is to supplement the content knowledge of physical science teachers regarding sustainability, such that they can respond to student questions. At the same time, however, we think that the results presented in this article are obtainable also by students, with appropriate guidance and scaffolding from their teachers. In this section, we will discuss what such instruction might look like. There are two main reasons to incorporate instruction such as this into a physical science class: 1) to build scientific literacy 16 and to promote responsible and well-informed citizenship, and 2) to increase student interest in science. An international study conducted by the IPN with over 5,000 12-to 16-year-olds found that only 20% of learners (Type A learners) are interested in technical applications that tend to dominate contextual learning in science classes. In contrast, 45% of learners (Type A and Type C combined) are interested in society-based contexts for science learning. 17 We expect, therefore, that students will be interested in a lesson focusing on recycling plastic bottles, as they will perceive it as a relevant societal context.
Generally, we think physics teachers should draw on class content in helping students think about this topic. Of central importance is the principle of conservation of energy. Namely, the energy necessary to make a plastic bottle from primary resources and the energy needed to recycle a bottle must come from somewhere. In today's world, it generally comes from fossil fuels, of which we have a limited supply, and for that reason it is important to consider how to minimize the energy necessary to complete a given task. Instructors who wish to go deeper than this and talk about not only energy but entropy as well can discuss inefficiencies in conversion processes. Namely, while thermal energy is released in combustion, either of methane in a power plant or of trash in an EFW facility, some amount of the energy necessary to make or recycle a bottle must be in the form of electrical energy. Although electrical energy can very efficiently be turned into thermal energy (imagine short-circuiting a battery and having the wire get hot, "wasting the energy"), the opposite is not true. Although thermal energy can be used to boil water in a steam generator, for example, there are inherent thermodynamic losses. While the maximum efficiency of a heat engine like this is given by the expression (1) where T C and T H are the temperatures of the cold sink and hot source, respectively, it is standard practice to assume an process, at least in comparison to the energy necessary to turn the pellets into first preforms and then, shortly before liquid is put in, inflated bottles. This energy ranges from 9.5 MJ/kg 10 to 20 MJ/kg, 11 or 380 kJ to 800 kJ per bottle (e.g., 20 /1000 * 40 * 1000), regardless of whether the pellets were made from primary materials or shredded up recycled bottles. 12 How does this compare when the bottle is made from scratch instead? In this case, the PET pellets themselves must first be manufactured. This requires 70 to 83 MJ per kg of PET pellet, 11 or 2.8 to 3.3 MJ per bottle (e.g., 70 / 1000 * 40). The bulk of this energy comes from the oil refining process. 10 Adding the 380 to 800 kJ per bottle from preform creation and inflation to this number results in a total of 3.2 to 4.1 MJ per bottle. These values are summarized in Table I. As can be seen from Table I , if the bottle is made from recyclate, 13 we have a savings of about 2.8 to 3.3 MJ (e.g., 3.2 to 0.4). Can the energy harnessed by burning the bottle make up for that?
Morris 14 consolidated recycling literature to compare incineration vs. recycling of 23 items commonly disposed of in municipal solid waste (MSW), including items that are not currently recycled but might be in the future. He found that all MSW items except for wood waste and, depending on the estimate used, perhaps diapers produce less energy in an energy-from-waste (EFW) facility (like those used in Vienna) than what is saved by recycling the material. Part of his calculations involves the finding that EFW facilities, as a result of having heterogeneous wet waste, see a reduction in the net thermal energy released in the combustion to 45% of the heat of combustion. Hence, although PET has a heat combustion of 46,287 kJ/kg, 15 in an EFW facility, we should expect to produce only 21,000 kJ/kg. 14 The burning of one 40-g PET bottle then would release 840 kJ (40 / 1000 * 21,000). Although this helps make up the difference of 2.8 to 3.3 MJ per bottle, we still have a net energy requirement of 2.4 to 3.3 MJ (e.g., 3.2 to 0.84) per bottle in the EFW (burn and make a new bottle from virgin resources) scenario, three to eight times the energy needed for a recycled bottle (e.g., 2.4/0.82).
It should also be pointed out that burning the PET bottle produces roughly the same amount of greenhouse gases as is released in the process of burning methane to provide the 2.4 to 3.3 MJ/bottle of net needed energy in the EFW scenario. Plastic is made from fossil fuels and burning it consequently releases CO 2 into the atmosphere. PET is a polymer, that is, a long chain of monomers. The chemical structure of a PET monomer is C 10 H 8 O 4 . In ideal combustion, the reaction is efficiency of 33%. 11 Hence, 3 MWh of thermal energy can be turned into just 1 MWh of electrical energy. It should be made clear to students that it is not the case that 1 MWh of electrical energy can turn into 3 MWh of thermal energy (as this would violate energy conservation). Also of great importance in thinking about recycling is the principle of conservation of mass. EFW facilities might at first seem fantastic to students. Energy from garbage is even better than energy for free! Material flow analyses (or MFAs 18 ), which are used in creating LCAs, exemplify the concept of mass conservation. Although particularly advanced students might find the study of MFAs to be illuminating in learning how LCAs are constructed (see below), it is necessary for all students to understand, simply put, that what comes out must have been first put in. So far we have discussed some topics in physical science that can be connected to thinking about sustainability. Regarding not only what but how to make these connections in the classroom, education research has demonstrated that students comprehend and maintain knowledge better if they play an active role in its accumulation. In light of this, we propose having students do a manageable amount of research and then utilize knowledge that they have learned in physics as well as chemistry classes to address the myth themselves. We see such a project as being ideal for STEM classrooms, but natural science courses (for example as Gen Ed requirements for non-science majors) would benefit from such an activity as well, albeit with more instructor guidance likely needed. For example, instructors could have students work in groups, with each group investigating a different aspect of the discussion presented above. These could be posed as Fermi problems, e.g., "How much energy is used for transporting one bottle across the country?" or "How much energy is needed to clean a bottle?" At the front of the classroom, a table like that shown in Table I could be created from values found by students. For cities in which a sizable portion of trash is placed into a landfill, students should consider how much methane gas is released from the landfill. They should consider what portion of this gas escapes into the environment, since methane is a greenhouse gas significantly more potent than carbon dioxide. On the other hand, they should also consider what portion of the gas is harvested and burned for energy. Student groups could take turns presenting to their classmates how they found their values and carried out their calculations.
We have intentionally kept the description of this lesson in a rather skeletal form to emphasize its adaptability to a range of learning environments. For students taking a Gen Ed science class who are not particularly proficient at math, the unit conversions can be worked out for them in advance and placed in a table, or they can be allowed to punch the units into their computers or smartphones to convert automatically. Conversely, students particularly interested in a potential future of environmental engineering can be asked to create more elaborate LCAs, perhaps utilizing MFA software, 19 to give them a sense of the process of creating an LCA. In all cases, however, we advocate for an active learning environment, where students work with each other to construct an understanding that will be longer lasting and more personally meaningful than traditional lecture-based instruction.
